In geometrical optics, it is well known that depending on the relative position between an object and a spherical lens, either a real or a virtual image is formed. Features of an object smaller than λ/2 (λ, wavelength) cannot be imaged by the lens in the far-field due to Abbe\'s diffraction limit. Using the immersion lensing technique, the wavelength and hence the resolution can be improved by a factor of 1/n over its value in air (n, the refractive index of the immersion medium)[@b1][@b2]. Microscale and nanoscale lenses can magnify and resolve features beyond the diffraction limit[@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16]. Still, either a real or a virtual image is observed in these lenses in the reported studies. Recently, the immersion lensing technique has also been applied to the microscale lenses[@b14]. Mason et al. have demonstrated that the focal spot size of a wavelength-scale solid immersion lens is greatly reduced[@b15]. Hao et al. have shown that the magnified virtual image has a sharper contrast when the microscale spherical lens is semi-immersed in liquid[@b16]. However, compared to the well-studied small lenses on the scale of \~1 mm, the imaging properties of immersed microscale lenses are far less studied[@b17][@b18][@b19]. Here we report a new physical phenomenon experimentally observed in the microscale lens imaging when the lens is semi-immersed in a medium. If the object size is well beyond the diffraction limit, two images are formed simultaneously by a microscale spherical lens. One image is blurring, and it is formed by the small lateral wave vector (small-k) Fourier components of the object. This image formation can be explained by the combination of geometrical optics and near-field optics. The other image is sharper and clear, and it is formed by the large lateral wave vector (large-k) Fourier components of the object. Near-field magnification plays an important role in this image formation. Our experimental results reveal that when a microscale spherical lens is semi-immersed in a medium, it can intercept more large-k Fourier components of the object, which means that the effective numerical aperture of the lens is increased. However, the microscale lens has two image channels. One channel transforms the small-k Fourier components, while the other transforms the large-k Fourier components. As the physical mechanism behind the microscale lens imaging remains to be further revealed[@b20], our findings will advance the understanding of the super-resolution imaging mechanisms in microscale lenses.

Results
=======

[Figure 1a](#f1){ref-type="fig"} illustrates the schematic of the experimental setup. Self-assembled polystyrene (PS) microsphere arrays were used as the image objects. In the experiments, two kinds of PS microspheres with different diameters (280 and 960 nm) were used. The samples were put under a Leica microscope, and the reflected images of the PS microsphere arrays through the 4.87-μm-diameter silica microscale lens were observed and recorded by a 100× (NA = 0.9) microscope objective with a CCD (charge-coupled device) camera. During the experiment, the position of the microscope objective is moved in order to focus the formed images. In our experiments, if we observe that the depth of the image is below the focal plane of the silica microscale lens, the formed image is called a virtual image. Otherwise, the formed image is called a real image. When a SU-8 layer is coated on top of the objects, the Rayleigh resolution limit for point objects is 229 nm (r = 0.61λ/nNA), here λ = 540 nm, n = 1.6 (the refractive index of SU-8), and NA = 0.9[@b21]. Therefore, the large objects (fabricated by the 960 nm microspheres) are well beyond the resolution limit, while the small objects (fabricated by the 280 nm microspheres) are close to the resolution limit. [Fig. 1b](#f1){ref-type="fig"} shows the scanning electron microscope (SEM) image of a typical self-assembled PS microsphere array. The diameter of the PS microspheres is 960 nm in this sample. As shown in [Fig. 1b](#f1){ref-type="fig"}, the microspheres are hexagonally close-packed with defects and multiple domains mainly due to the large size deviation of the microspheres (a standard deviation of 5--10%).

[Fig. 2a--c](#f2){ref-type="fig"} shows the optical microscope images of a large object (fabricated with the 960 nm microspheres) at different distance between the object and the 4.87-μm-diameter silica microscale lens (d). For these samples, the microscale lens are semi-immersed in the SU-8 resist, as shown in [Fig. 2d](#f2){ref-type="fig"}. As shown in [Fig. 2a](#f2){ref-type="fig"}, at d = 0, two virtual images are formed (image a-1 is clear, and image a-2 is blurring), and the magnification factor M is about 2.08× and 3.07× for the clear and blurring images, respectively. At d = 3.1 and 4.1 μm, a virtual image and a real image are observed, as shown in [Fig. 2b, c](#f2){ref-type="fig"}. The virtual image is sharper and clear, the real image is blurring, and the two images are mutually inverted (as shown in the defects in [Fig. 2b](#f2){ref-type="fig"}). The virtual image keeps the same orientation as the object. The optical image b-3 at the bottom of [Fig. 2b](#f2){ref-type="fig"} is taken when the focal plane is on the 960 nm PS microspheres (the object). As shown in [Fig. 2b](#f2){ref-type="fig"}, at d = 3.1 μm, M of the virtual image is about 1.52× (b-1), while M of the real image is about −1.64× (b-2). At d = 4.1 μm, M is about 1.51× (c-1) and −1.19× (c-2) for the virtual image and the real image, respectively. To clearly show the image process, a video that records the whole dynamic process (the focusing of the real image plane, then the object plane, and finally the virtual image plane) is also given ([Supplementary Video 1](#s1){ref-type="supplementary-material"}). In this video, d is \~3.1 μm. We also replace the SU-8 resist with the index-matching oil, and let the lenses semi-immerse in the index-matching oil. The results are close to the ones shown in [Fig. 2](#f2){ref-type="fig"} ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). It should also be noted that the ordering of the PS microsphere array is not important in the image formation. The areas where the microspheres are randomly packed are also observed, and we get similar results ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}).

To explore the origin of the images observed in [Fig. 2](#f2){ref-type="fig"}, the large object samples where the microscale lenses are not semi-immersed in the SU-8 resist are also studied. [Fig. 3a--c](#f3){ref-type="fig"} is the optical images of the objects at different d, while [Fig. 3d](#f3){ref-type="fig"} is the SEM image of a microscale lens which is not semi-immersed in the SU-8 resist. It is found that only one blurring image (either a real or a virtual image) is observed at the three distances studied here. As shown in [Fig. 3a](#f3){ref-type="fig"}, at d = 0, a virtual image is formed and M is around 4.05×. When d is 3.1 or 4.1 μm, a real image is formed, and M is about −1.14× ([Fig. 3b](#f3){ref-type="fig"}) or −0.85× ([Fig. 3c](#f3){ref-type="fig"}), respectively. [Figure 3](#f3){ref-type="fig"} indicates that the microscale lens should be semi-immersed in the SU-8 resist or the index-matching oil in order to observe the clear and sharper images in [Fig. 2](#f2){ref-type="fig"}.

To further analyze the imaging behaviors of the microscale lens, the imaging properties of a microscale lens on a small object are also studied. [Fig. 4a--c](#f4){ref-type="fig"} shows the optical microscope images of a small object (fabricated from the 280 nm PS microspheres) at different distance d. For these samples, the lenses are semi-immersed in the SU-8 resist. As shown in [Fig. 4a--c](#f4){ref-type="fig"}, all the formed images are virtual images, and the images are clear and well-defined. The lens magnifies the underlying object, and M is about 2.0×, 1.51×, and 1.50× when d is 0, 3.1, and 4.1 μm, respectively. A video that records the whole dynamic process is also given ([Supplementary Video 2](#s1){ref-type="supplementary-material"}). In this video, only the focusing of the virtual image plane is observed. d is \~3.1 μm.

Our experimental results indicate that: (1) the formation of the blurred images only depends on the object size. In the large object samples (960 nm microspheres), we can always observe the blurred images in both semi-immersed and non-immersed cases. In the small object samples (280 nm microspheres), the blurred images cannot be observed in both semi-immersed and non-immersed cases; (2) the clear images can only be observed when the microscale lens is semi-immersed in the SU-8 resist. This image formation does not depend on the object size. In both the large and small object samples, the clear images are observed as long as the lens is semi-immersed; (3) for the clear images, the magnification hardly changes when the distance d or the object size changes. The magnification M for the blurring images depends on the distance d.

The Fourier expansion in terms of the fields of a two-dimensional object is[@b22] here, the wavenumber components k~x~, k~y~, and k~z~ associate with propagation in the x, y, and z directions, and are related to the wavenumber k by . In free space, the propagation of light is , here, ω is the angular frequency, and c is the speed of propagation. If the propagation axis is assumed to be along the z axis, the spatial Fourier components with lateral k-vectors are propagating waves , and the spatial components with lateral k-vectors are evanescent waves . Objects contain information at many different spatial scales, from fine to coarse. Fine detail is equivalent to large-k Fourier components, while coarse detail is equivalent to small-k Fourier components.

The frequency spectra of the images in [Figs. 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"}, and [4](#f4){ref-type="fig"} are calculated by Fourier analysis, and are also shown in the insets of the figures, with the low-frequencies located at the center and the high-frequencies at the corners. The frequency spectra show that the blurred images mainly have small-k Fourier components, while the clear images have more large-k components than the blurred images have. Therefore, we propose the blurring images in [Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"} are the small-k Fourier components of the large objects, while the clear and sharper images in [Figs. 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"} are the large-k Fourier components of the objects. Here, both the small-k and large-k Fourier components are propagating waves as the two objects studied here are larger than the resolution limit.

The imaging properties of the microscale lens are first calculated by ZEMAX, a geometrical optics based ray-tracing program. When the lens is semi-immersed in the SU-8 resist, the focal plane of the object space from the center of the microsphere (F) obtained from ZEMAX is 5.9 μm. According to the paraxial ray-tracing formulae used in geometrical optics, the calculated magnification is 1.70× (virtual image), 15.68× (virtual image), and −9.49× (real image) at d = 0, 3.1, and 4.1 μm, respectively. When the lens is not semi-immersed in the SU-8 resist, F obtained from ZEMAX is 4.6 μm, and the calculated M is 2.11×, −5.08×, and −2.42× at d = 0, 3.1, and 4.1 μm, respectively. Studies have show that the real F of a microscale lens is much shorter than the one expected from ray-tracing program due to near-field focusing ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"})[@b7]. F is also calculated by CST (by calculating the exact solution of Maxwell\'s equation). When the lens is semi-immersed in the SU-8 resist, the F obtained from CST is 3.5 μm. According to geometrical optics, the calculated magnification is 3.31×, −1.71×, and −1.15× at d = 0, 3.1, and 4.1 μm, respectively. When the lens is not semi-immersed in the SU-8 resist, F obtained from CST is 3.0 μm, and the calculated magnification is 5.40×, −1.18×, and −0.85× at d = 0, 3.1, and 4.1 μm, respectively. The calculated magnifications using the shorter F from CST are very close to the experimental ones of the blurring images. [Table 1](#t1){ref-type="table"} summarizes the magnifications of the images (both blurring and clear) obtained from both experiments and calculations. These results indicate that the blurring images formed from the small-k Fourier components in [Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"} can be explained by geometrical optics by using the short F calculated from CST. As small objects have less small-k Fourier components than large objects have, the blurred images formed by the small-k components cannot be observed for the objects fabricated by the 280 nm microspheres.

To find out the origin of the clear images in [Figs. 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"}, the electric field distribution of a microscale lens imaging system when the lens is semi-immersed or not semi-immersed in the SU-8 resist are simulated by CST. The object is set as a dipole. As shown in [Fig. 5](#f5){ref-type="fig"}, when the lens is not semi-immersed in the SU-8 resist, only the small-k Fourier components generated by an object are intercepted by the microscale lens, and a real image is formed. If the lens is semi-immersed in the SU-8 layer, more large-k Fourier components will couple into the lens. The real image formed by the small-k Fourier components still exists. Moreover, the large-k components form a virtual image, as the dotted lines show in [Fig. 5b](#f5){ref-type="fig"}. The magnification of this virtual image can be estimated from simulation using two dipole sources, and the simulated magnification is about 1.65×, close to the experimental one. Therefore, we propose that the clear and sharper images formed in [Figs. 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"} are from the high-k Fourier components. Previous studies on nanoscale and microscale lens imaging have observed the image formed from the large-k Fourier components, the magnification of the image is also about 1.5× in a semi-immersed case[@b16], and near-field magnification plays an important role in the image formation[@b7][@b9]. In conclusion, we have demonstrated that when a microscale spherical lens is semi-immersed in a medium, it can intercept more large-k Fourier components. However, the microscale lens images differently for the two Fourier components, and two images corresponding to the two components can be formed simultaneously by the microscale lens.

Methods
=======

Two-dimensional (2D) polystyrene (PS) microsphere arrays were fabricated by confined convective self-assembly. Centimeter sized uniform and transparent 2D microsphere arrays are formed on the substrate. Then, a 50-nm-thick silver layer was evaporated on the surface of the 2D PS microsphere array by thermal evaporation at a rate of 1.5 Ås^−1^. For some samples, a SU-8 2000 resist layer of thickness d was first spin coated on top of the 2D microsphere array. The SU-8 resist was then exposed, developed, and cross-linked. The thickness of the SU-8 layer could be controlled by using different types of SU-8 resist and different spin speeds. Then, a drop of the diluted 4.87-μm-diameter silica sphere suspension (Bangs Laboratories) was dropped on surface of the silver coated or both silver and SU-8 coated samples. Finally, for some samples, a diluted SU-8 2002 resist (diluted by 50% by using γ-butyrolacton) was spin coated onto the sample at a speed of 3000 rpm for 40 seconds to make the lenses semi-immersed in SU-8. The thickness of the SU-8 layer was measured by a step profiler (ABMios Technologh, XP-1). A Leica DM 2500M microscope was used to focus through the silica sphere (microscale lens) into the object, and the formed mages were collected by a CCD camera. The light source in the microscope is a while-light source, a halogen lamp. The surface structure of the 2D PS microsphere arrays was characterized by a scanning electron microscope (SEM, Hitachi S-48000). Finite-difference time-domain (FDTD) simulations were carried out using CST program. CST is a commercial FDTD program by calculating the exact solution of Maxwell\'s equation. The geometrical optical ray tracing analysis was performed using ZEMAX program. In ZEMAX, paraxial ray-tracing formulae are used for computing.
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![Schematic illustration of the experimental setup.\
(a) Schematic of the experimental setup. (b) SEM image of a self-assembled PS microsphere array. The diameter of the PS microspheres is 960 nm in this sample.](srep03769-f1){#f1}

![Optical images of a semi-immersed microscale lens on a large object at different distance d.\
(a) d = 0 μm, two virtual images are formed. (b) d = 3.1 μm, a virtual image (b-1) and a real image (b-2) are observed. Image b-3 is the image of the object. (c) d = 4.1 μm, a virtual image (c-1) and a real image (c-2) are observed. (d) SEM image of a semi-immersed microscale lens. The large object is fabricated with the 960 nm microspheres. The lens is semi-immersed in the SU-8 resist. The scale bar is 2 μm.](srep03769-f2){#f2}

![Optical images of a microscale lens on a large object at different distance d.\
(a) d = 0, a virtual image is formed. (b) d = 3.1 μm, a real image is formed. (c) d = 4.1 μm, a real image is formed. (d) SEM image of a microscale lens that is not semi-immersed in the SU-8 resist. The large object is fabricated with the 960 nm microspheres. The lens is not semi-immersed in the SU-8 resist. The scale bar is 2 μm.](srep03769-f3){#f3}

![Optical images of a semi-immersed microscale lens on a small object at different distance d.\
(a) d = 0. (b) d = 3.1 μm. (c) d = 4.1 μm. A virtual image is formed at each of the three distances studied here. The small object is fabricated from the 280 nm PS microspheres. The lens is semi-immersed in the SU-8 resist. The scale bar is 2 μm.](srep03769-f4){#f4}

![CST simulation results of the electric field distribution of a dipole imaged by the microscale lens.\
(a) The lens is not semi-immersed in the SU-8 resist. (b) The lens is semi-immersed in the SU-8 resist. λ = 555 nm.](srep03769-f5){#f5}

###### Comparisons of the magnification M of both the blurring and clear images among the experimental data, the calculated data by using the F obtained by ZEMAX, and the calculated data by using the F obtained by CST. While calculating the magnifications, we first get F from both ZEMAX and CST. Then, we calculate the magnifications of the images by using the paraxial ray-tracing formulae

         Experimental M of the images (immersed)   Experimental M of the images (not immersed)   Calculated M by using the F obtained from ZEMAX   Calculated M by using the F obtained from CST                             
  ----- ----------------------------------------- --------------------------------------------- ------------------------------------------------- ----------------------------------------------- -------- -------- -------- --------
  0                       3.07×                                       2.08×                                           4.05×                                             N/A                        1.70×    2.11×    3.31×    5.40×
  3.1                    −1.64×                                       1.52×                                          −1.14×                                             N/A                        15.68×   −5.08×   −1.71×   −1.18×
  4.1                     −1.19                                       1.51×                                          −0.85×                                             N/A                        −9.49×   −2.42×   −1.15×   −0.85×
